Abstract-To elucidate the characteristics of flow in the collective motion of bacteria, we performed microscopic observation of the cells cultured on a semifluid medium. The collective motion occurs when the average cell-cell distance decreases to 5 m, almost the same as the size of the cell. The standard deviation of the angle between velocity vectors represents the degree of collective motion well. The characteristic size of the swarming group is deduced by the analysis of the correlation with respect to the direction parallel and perpendicular to the swimming direction; 30 m in length and 10 m in width.
INTRODUCTION
Bacteria in nature have a lot of relations with various kinds of interfaces. For example of a solid-liquid interface, cells grow on a food surface or a wall with adsorbed organic matters. Even at a water-oil interface, a certain kind of bacteria plays a role in degrading oil. Growing numbers of bacteria near such surfaces often form biofilms, where cells are protected from external stresses by an exopolymer matrix [1] . To clarify mechanism of forming biofilms is important to control behavior of bacteria in the fields of food process or environmental protection.
To make bacteria grow on a surface artificially, an agar medium is often used. Bacteria make colonies on a surface with various conditions of nutrition and surface stiffness. While the macroscopic shape of a bacterial colony depends on concentration of nutrition or stiffness of the medium [2] , in the microscopic nature, the stiffness of the medium is dominant; bacteria are able to swim only in the medium with suitable stiffness. If the swimming cells grow and tightly packed, they exhibit collective motion called swarming [3] . In the colony of swarmer cells, motility is highly activated and many vortices are generated [4] . While the collective motions of other animals, for example, bird flocks, fish schools, and cattle herds, have biological significance of defense from natural enemies, do the swarmer cells have some strategies to proliferation? In this viewpoint, Sokolov and coworkers present a hypothesis that the bacterial swarming helps to take oxygen into the suspension [5] .
For collective motions of various animals, mathematical models are proposed [6] . Bacterial swarming also can be explained by a mathematical model because interaction between bacteria without brains should have origin from physical or chemical force. Interaction between two swimming bacteria has been analyzed as a fluid mechanics problem [7] and it is natural that this interaction plays an important role in the formation of the collective motion. In this study, we observed cells on culture media to elucidate the motion of the swarmer cells and extract some characteristics in the collective motion. Relation between number density of cells and the collective motion is investigated and the flow field in the bacterial suspension is analyzed to find suitable expression for the degree of the collective motion.
II. METHODS

A. Suitable stiffness of the culture medium for generating the collective motion
Before investigating the characteristics of bacterial swarming, we used various bacterial strains to confirm whether the collective motion is commonly seen for the motile bacteria. Bacterial strains used in this experiment are listed in Table 1 . Vibrio alginolyticus is a monotrichous bacterium which possesses a single flagellum. YM4 strain is wild type, which switches its swimming direction by changing the rotating direction of the flagellar motor. YM42 and NMB102 strains are not able to change the rotating direction of the motor: YM42 cells swim only forward (the flagellum pushes the cell body) and NMB102 cells swim only backward. Salmonella typhimurium, Escherichia coli, and Bacillus subtilis are peritrichous which possess multiple flagella. When they swim, flagella are packed into a bundle and it propels the cell bodies. They sometimes change their swimming direction by loosening the bundles by the inversion of the motor rotation, which is called tumbling. The rate of tumbling is different among bacterial strain and depends on their environment [8] . SJW3076 cell is a mutant which does not tumble. Cells were seeded on semi-fluid culture media with various degrees of stiffness and then put in an incubator at 37ºC (YAMATO IS400, Tokyo, Japan). Just after inoculating, cells are immotile. After 1 hour, the colony grows and the number of motile cells increases. Table 1 shows the suitable concentrations of agar for generating bacterial swarming. Swarming can be generated with every bacterial strain we used, indicating that swarming is a common phenomenon for motile bacteria. 
B. Observation and analysis
For the analysis of velocity field in the bacterial swarming, we used Bacillus subtilis cells. Cells were cultured in the semi-solid LB medium (0.6 wt% agar). After seeding, the medium was incubated at 37ºC. In 200 minutes from the seeding, the colony became crowded with cells and cells in the nearby vicinity (within ~ 10 micrometers) swam toward a similar direction.
The grow curve in the number density of cells was drawn by monitoring the colony by every 5 minutes. To keep humidity around the medium, the culture dish was sealed during the observation. A microscope (BX51, Olympus, Japan) with an objective lens (20X, Olympus, Japan) was used for the observation. As shown in Fig.  1 , the culture dish was turned over to prevent the dew drops on the cover of the dish blocking out the view of the microscopy. Observed region was an inner layer of the colony with thickness of ~ 10 m.
Images were acquired by using the digital camera (CamRecord CR450x3, Optronis, Kehl, Germany), which acquires images with 1024 x 1024 pixels and 30 frames per second. The overall flow velocity of the bacterial swarming was analyzed by the particle image velocimetry instead of measuring for each individual cell because the tracking of a cell is impossible in such a dense suspension. Iterative PIV analysis was conducted by using the software (Koncerto II, Seika Corporation, Japan), where the interrogation region was 16 x 16 pixels, corresponding to 4.5 x 4.5 m 2 . The error was 0.35 pixels, which was checked by the artificial movie of particles with known positions. Figure 2 shows the dependence of number density of cells on the swimming motion. The horizontal axis denotes the elapsed time from the seeding. The number density was deduced by counting all the cells in the obtained image. The average distance was simply calculated from the number density as the inverse square root. The plotted data are well approximated with exponential curve, corresponding to the log phase in the cell growth. However, each cell cannot be distinguished when the colony is too crowded at 150 minutes or later.
III. RESULTS
A. Relationship between the motion of cells and the growth of the colony
Whether cells are freely swimming or swarming was judged by eyes. Cells start swarming approximately after 180-minute incubation. During several minutes just before that, there is an intermediate state between swimming and swarming, where cells swim collectively in some regions but many cells swim freely in the other regions.
Average cell-cell distance decreases to 5 m when the cells start to swarm. This length is about the same as the average long-axis length of swarmer cells. This means that the swarmer cells contact with each other very frequently.
B. Velocity correlation in the swarmer cells
The flow fields obtained by the PIV are shown in Fig. 3 in the case of free swimming (a) and swarming (b). In the case of the swarming, neighboring flow vectors have a similar direction, which corresponds to the bacterial swarming. Swarmer cells tend to swim towards the same direction with the neighbor cells. Another noticeable point is an increase in velocity of swarmer cells. Swarmer cells have velocity of 5 m/s, which is several times larger than that of free-swimming cells.
To characterize the cooperativity of swarmer cells, we calculated the velocity correlation from the obtained flow field. As an index of the correlation, we adopted the standard deviation (S.D.) of the angle between two velocity vectors. That is,
where  ij is the angle between two velocity vector v i and v j as shown in Fig. 4 . The angle brackets means the average over all the pairs of vectors with a certain distance range in the analyzed image. Using cos ij as a criterion of the collective motion is an analogy to the The correlation at various distances is shown in Fig. 5 for the freely-swimming cells, swarmer cells, and the intermediate state. For the swarmer cells, the S.D. value at the distance less than 10 m is notably smaller than the other two cases. In each case, there are no correlations between two velocity vectors with the distance larger than 20 m. Figure 6 shows the S.D. value averaged over the pair vectors within 10 m superimposed on the curve of colony growth (Fig. 1) . The S.D. value suddenly decreases between 160-180 minutes, which corresponds to the "intermediate" state. The S.D. value can be a good index representing the degree of collective motion. However, the S.D. value gradually increases after the cells start swarming. This represents the limit of the PIV analysis; too many swarmer cells induce three-dimensional flow in the colony, which makes it impossible to deduce the vector accurately.
C. Group size estimated by the correlations
In general, swimming direction of a bacterium with a slender cell body is along its long axis, though the axis is slightly fluctuated due to the counter-torque of the rotating flagellum. Therefore, the correlation length may take different values depending on the area of analyzing the S.D. value. We deduced two correlation lengths from the analysis of different areas. As in Fig. 7 , a certain velocity vector was selected as a reference and then the tangential and normal regions were set. Velocity correlation was similarly calculated in each region and was averaged with all the reference vectors. The width of each area was 4.44 m, corresponding to the distance between two nearest vectors. Figure 8 shows the correlation with respect to each region. Tendency of the decay is different between tangential (a) and normal region (b). In Fig. 8 (a) , the S.D. value for the swarmer cells is notably small within 30 m. Considering that the long-axis length of the cell is a few m, this represents that about ten swarmer cells follow tandem. In Fig. 8 (b) , the S.D. value for the swarmer cells overshoots the value 2 / 1 at the long distance >10 m, though the way of the decay is almost the same as Fig. 5 in the point that the curves approach to the value 2 / 1 at the distance of 10 m. This overshoot means that neighbor groups swarm toward opposite directions. The width of the swarming group is deduced to be 10 m.
D. Dimensionality varied by the generation of the collective motion
Derivative of velocity field with respect to space may be good for representing the degree of the collective motion. In this viewpoint, the vorticity rot v was calculated from the obtained velocity field. Figure  9 shows the distribution of the vorticity for the swarmer cells. Typical size of the vortex is several tens of m, comparable to the size of group deduced from Fig. 8 . As another valuable derivative, divergence of flow div v was calculated. Since above-obtained flow vectors are projection onto 2D plane, -div v corresponds to the antiplane strain rate of the incompressible bacterial fluid: the variation of velocity in the z-direction. Figure  10 shows the time variance of the area-averaged magnitude of antiplane strain rate |div v| together with the magnitude of vorticity |rot v|. Both quantities become larger with the swarmer cells. A preliminary experiment with two-dimensional confined swarming shows that the value of |div v| is less than 0.1 s -1 (in an ideal 2D incompressible fluid, this value is exactly zero). Since the thickness of the colony is about 10 m, the increase in the antiplane strain rate may imply that the swarmer cells tend to move three-dimensionally while motion of the freely swimming cells is restricted in a quasi-2D plane. Both of the values decrease at 250 minutes or later. This may be because of the threedimensional swarming of the cells; the PIV cannot find correlation between two 2D-projected images of active 3D motion.
IV. CONCLUSIONS
To elucidate the characteristics of flow in the collective motion of bacteria, we performed microscopic observation of the bacterial colony at the single-cell level. The collective motion occurs when the average cell-cell distance decreases to 5 m, almost the same as the size of a cell. The standard deviation of the angle between velocity vectors represents the degree of collective motion well. Further analyses of the correlation have revealed the characteristic size of the group 30 m in length and 10 m in width. Swarmer cells are more active in the sense that they have larger velocities and they may behave three-dimensionally in the thin colony. 
